Abstract: Food packaging materials are traditionally expected to contain foodstuffs and protect them from deteriorating agents. Although petroleum-derived polymers have been widely used for this purpose, the rising concern with their nonrenewable and/or nonbiodegradable nature paves the route for the development of greener alternatives, including polysaccharides and polypeptides. The use of these food-grade biomacromolecules, in addition to fruits and vegetables, provides edible packaging with suitable physical-mechanical properties as well as unique sensory and nutritional characteristics. This text reviews the chronological development pathway of films based on fruit and vegetable purees, pomaces, and extracts. Recent advances are extensively reviewed with an emphasis on the role that each film component plays in the resulting materials, whose production methods are examined from a technical standpoint and essential properties are compiled and contrasted to their conventional, synthetic counterparts. Finally, this comprehensive review discusses advantages and limitations of edible films based on fruits and vegetables.
Introduction
Food packaging systems have different functions, including those related to containment, information, and marketing. Their primary function, though, is to separate food from the surrounding environment, reducing exposure to spoilage factors (for example, microorganisms, oxygen, water vapor, and off-flavors) and avoiding losses of desirable compounds (such as flavor volatiles), thus extending food shelf-life.
Natural polymeric materials such as cotton, wood, silk, wool, and leather have been used for centuries, and their structural and functional properties have influenced the development of petroleum-based polymers. Those plastics markedly increased in popularity throughout the 2nd half of the 20th century, until they dominated the food packaging market, thanks to their relatively low price, mechanical resistance, heat sealability, shape versatility, and degrees of rigidity. However, those fossil fuels are nonrenew-able and mostly nonbiodegradable. Only in the United States, more than 32 million tons of plastics are discarded yearly (EPA 2016) . Recycling is limited because of technical and economic difficulties; actually, less than 3% of the waste plastic worldwide gets recycled (HKC 2016) . Moreover, their incineration can produce toxic compounds, such as furans and dioxins produced from burning polyvinylchloride (PVC) (Jayasekara and others 2005) . The accumulated waste generated by the continuous, extensive disposal of petroleum-derived polymers has raised considerable concerns over their deleterious effects on the environment.
In this context, there has been a worldwide demand for replacing conventional plastics by renewable and biodegradable polymers in the last decades (Babu and others 2013) . Bio-based polymers-that is, from renewable rather than fossil sources-are not necessarily biodegradable. Polyethylene (PE) and polypropylene (PP) are possibly renewable, since their monomers can be derived from ethanol-but that does not make bio-PE and bio-PP any more biodegradable than their petroleum-based counterparts. Also, biodegradable polymers can be either bio-based, like starch, or petroleum-derived, poly(ε-caprolactone) (PCL), for instance.
Ideal candidates for replacing conventional polymers should be both renewable and biodegradable. Polysaccharides and polypeptides address those requirements and have good film-forming properties. Most proteins and carbohydrates are also edible, and can be used as matrices for edible films and coatings, which are supposed to be ingested with the food (Krochta 2002) . On the other hand, biodegradable materials are not necessarily edible. Edible films should have only food-grade components in their compositionsincluding not only the film-forming matrix and the solvent, but also plasticizers and any other additives.
Fruit and vegetable edible films . . . Edible films and coatings are sometimes presented as synonymous, but they are applied differently (Figure 1) .
Basically, films are stand-alone structures preformed separately and then applied on food surface, between food components, or even sealed into edible pouches. Edible coatings, in turn, are formed directly onto food surface by dipping, spraying or panning, the latter being achieved by mixing both the food material and the coating solution in a rotating bowl followed by drying (Krochta and De Mulder-Johnston 1997; Andrade and others 2012) . Although edible films and coatings are not expected to completely replace conventional packaging materials, they can be used to extend food stability by reducing exchange of moisture, gasses, lipid, and volatiles between the food and the surrounding environment and by preventing surface contamination, helping to improve efficiency of food packaging, and thus reducing requirements for petroleum-derived polymers (Krochta and De Mulder-Johnston 1997) .
The barrier requirements of edible films and coatings depend on their application and the properties of the food that is to be protected. Films or coatings for fresh fruits and vegetables should have low water vapor permeability (WVP) in order to reduce desiccation rates, while oxygen permeability (O 2 P) should be low enough to retard respiration, but not too low to create anaerobic conditions favorable to ethanol production and off-flavor formation (Lin and Zhao 2007) . Films or coatings for nuts, as another example, should have low O 2 P in order to reduce lipid oxidation rates, and low WVP to reduce water absorption and loss of crunchy texture.
Edible films and coatings should have at least 2 components: a biomacromolecule-based matrix able to form a cohesive structure and a solvent (usually water). A plasticizer is often required for reducing brittleness inherent to most biopolymers. Some other components, such as crosslinkers and nanoreinforcements, can be incorporated to improve barrier, tensile, and water resistance properties.
Usually, edible films and coatings are supposed to be transparent and flavorless, not interfering with food sensory properties. However, specific sensory properties may be desirable for some applications, such as sushi wraps, pouches to be melted on cooking, films between crust and toppings of pizzas, or even film snacks. In this context, McHugh and others (1996) produced the 1st edible films based on fruit purees others 2006, 2012) . Since then, several studies have been carried out on the development of films made up of fruits and vegetables. These investigations rely upon combining film-forming hydrocolloids (including starch, pectin, cellulose, and hemicellulose) with fruit and vegetable purees (Azeredo and others 2009) . Moreover, fruit and vegetable are sources of nutrients and antioxidants that may be ingested in form of edible films made from them (Deng and Zhao 2011; Espitia and others 2014) . Figure 2 presents edible films based on guava and beetroot purees. Advantages of edible films over fresh produce include improved shelf life, lower cost (due to the possibility of using mechanically harvested plants), and year-round processing (McHugh and others 1996) .
The consumption of fruits and vegetables is getting more popular because of their health benefits, so that edible films based on these plant materials denote an alternative means of nutrient intake (Espitia and others 2014) , including pigments and polyphenols with antioxidant capacity (Deng and Zhao 2011) .
This text reviews the chronological development pathway of films based on fruit and vegetable purees, pomaces, and extracts, from the very pioneer study of McHugh and others (1996) up to the products currently available commercially. Recent advances on composite and active edible films based on fruits and vegetables are extensively reviewed, in addition to the role of each film component, as well as the production protocols. Finally, advantages and limitations of those materials are weighed and the upcoming scenario is discussed.
Basic Concepts/Fundamentals
Films based on fruits and vegetables may be produced from a single macromolecule type, blends or even composites/multi component (comprising macromolecules, fillers, and/or functional additives). They may be produced as single-or multi-layer materials in order to achieve the target performance. Regardless Sothornvit and Pitak (2007) ; 16 Martelli and others (2013) ; 17 Martelli and others (2014) ; 18 Martelli and others (2015) ; 19 Dantas and others (2015) ; 20 Azeredo and others (2012a) ; 21 Azeredo and others (2012b); 22 Farias and others (2012) ; 23 Souza and others (2012) ; 24 Reis and others (2015) ; 25 Souza and others (2011) ; 26 Eça and others (2015) ; 27 Wang and others (2011b) ; 28 Wang and others (2011a) ; 29 Andrade and others (2016) ; 30 Wang and others (2012a) ; 31 Wang and others (2012b) ; 32 Wang and others (2012c) ; 33 Park and Zhao (2006) ; 34 Mariniello and others (2007) ; 35 Wang and others (2012d) ; 36 Deng and Zhao (2011) ; 37 Hayashi and others (2006) ; 38 Lorevice and others (2012) ; 39 Mattoso and others (2015) ; 40 Azeredo and others (2009) ; 41 Sothornvit and Rodsamran (2010a) ; 42 Sothornvit and Rodsamran (2010b) ; 43 Sothornvit and Rodsamran (2008) ; 44 Otoni and others (2014) ; 45 Lorevice and others (2014) ; 46 Tulamandi and others (2016) ; 47 Otoni and others (2015) ; 48 Wang and others (2012ee) ; 49 Azeredo and others (2016) ; 50 Peretto and others (2014) ; 51 Friedman and others (2007) ; 52 Du and others (2008a) ; 53 Du and others (2009b) ; 54 Xu and others (2017) .
of the number of components and layers, most edible films based on fruits and vegetables contain the following components:
Fruits and vegetables: Purees, pomaces, and extracts
In line with the trend of obtaining materials featuring distinguished sensory and nutritional properties, fruits and vegetables have been used as primary ingredients for the production of edible films. More than 35 plant species have already been used to obtain edible films. The film-forming formulation (FFF) may be either exclusively comprised by the plant material or multicomponent. In both cases, the literature reports the use of fruits and vegetables mostly as purees, but also as extracts or juices or even food processing wastes or residues (regarded as pomaces in this text; Table 1) .
Concerning fruit and vegetable by-products, it is a consensus that food processing operations may generate high amounts of residues. Most of these, though, are underutilized because of their low market value. Apple processing, for instance, generates over 9000 tons of apple peel each year (Shin and others 2014) . In many cases, producers use food processing wastes as animal feed or fertilizer, or rather discard them into soil or landfills (Park and Zhao 2006) , representing a potential environmental issue and a waste of potentially value-added products. Even if fruit and vegetable pomaces are not supposed to be sensory appealing, they are still potential sources of biomass and compounds with nutritional value. The biomass from fruit juice industry, for instance, is rich in pectin, dietary fibers, and phytochemicals (Park and Zhao 2006) . Andrade and others (2016) took advantage of the pomace from production of an isotonic drink to produce edible films comprising orange, passion fruit, watermelon, lettuce, courgette, carrot, spinach, mint, taro, cucumber, and rocket. Alternate to using pomaces themselves, some components-pigments and phenolic compounds, to mention a few-have been extracted from food processing wastes. However, extraction procedures also generate residues and are not in line with the increasing trend of using the whole plant material. The use of such to produce edible Fruit and vegetable edible films . . . films stands out as a feasible alternative to reduce the production cost of edible films and to add value to food by-products. Still, when the by-product is rich in lipids or low water-soluble hydrocolloids, it makes sense to extract the compounds of interest with any food-grade solvent-such as water-and add them to the FFF, although lipids may be desired for providing the final material with improved barrier to moisture (Deng and Zhao 2011) .
Binding agents
Because film-forming polypeptides and polysaccharides are naturally present in many fruits and vegetables, there are a few reports of films produced only with fruit purees, including peach, apricot, pear, apple (McHugh and others 1996) , mango (Sothornvit and Rodsamran 2008; Azeredo and others 2009; Sothornvit and Rodsamran 2010b) , and banana (Martelli and others 2015) . Carrot, for instance, mainly consists of water, protein, cellulosic and pectic substances, which can lead to free-standing films (Wang and others 2011b) . However, films comprised exclusively of puree frequently present poor consistency, mechanical strength and barrier properties, so edible hydrocolloids are added as binding agents to improve films' physical properties. In some cases, the purees themselves form layers that cannot even be detached from the cast surface as continuous films (McHugh and Senesi 2000; Park and Zhao 2006; others 2012, 2014) , making the addition of these biomacromolecules of utmost importance in order to increase film cohesiveness. Pectin has been by far the most used binding agent in edible films based on fruits and vegetables (Table 2) , but the use of other matrices has been reported. If the addition of a single biopolymer is not sufficient, 2 or more macromolecules may be combined into blends, as in carrot films (Wang and others 2011b) . These biomacromolecules can be extracted from plants (for example, starch, pectin, and cellulose), animals (collagen, gelatin, and chitosan), microorganisms (for instance, bacterial cellulose), and algae (including alginate and carrageenan).
The chemical structures of the hydrocolloids are expected to influence their film-forming abilities. Low-methoxyl pectin, for instance, was shown to produce stronger and less extensible cranberry pomace-added films than its high-methoxyl counterpart (Park and Zhao 2006) . Likewise, the substitution degrees in cellulose derivatives, -such as carboxymethylcellulose (CMC), hydroxypropyl methylcellulose (HPMC), and methylcellulose (MC) -, amino acid sequences in proteins, deacetylation degrees in chitosan, and amylose/amylopectin ratio in starch-to mention a few-are critical factors to determine the physical behavior of films. Gelatin has good gelling and film-forming abilities as well as a melting temperature close to that of the human body, providing the consumer with a good sensation because of its melt-in-mouth behavior. Gelatin may be obtained from the partial denaturation of collagen. When extracted from fish, particularly, gelatin consumption is even broader because it is kosher and halal (Otoni and others 2012) . Gelatin films are known to exhibit good mechanical and gas barrier properties, but they are generally too brittle, making the addition of plasticizers essential for their practical application (Wang and others 2011b) .
Plasticizers
Plasticizers can be either part of the polymer macromoleculesinternal-or low molecular weight, nonvolatile substances that do not chemically bind to the backbone chain-external- (Sothornvit and Krochta 2005) , both of them being intended to make polymer processing easier and/or to modify the properties of the resulting material. External plasticizers, particularly, reduce the polymer chain-to-chain interaction level by positioning themselves between polymer molecules and thus separating adjacent chains apart. This action leads to materials with reduced brittleness and stiffness as well as increased flexibility, stretchability, and toughness (Han and Aristippos 2005; Sothornvit and Pitak 2007) . Nonetheless, because free volume and molecular mobility are higher after plasticizer addition, these compounds impair film barrier properties (Sothornvit and Krochta 2005) . As pointed out previously, most edible films are too brittle because of extensive intermolecular forces that hold polymer chains together (Wang and others 2011b) , namely, hydrogen, hydrophobic or disulfide bonding as well as electrostatic interactions. Food-grade plasticizers commonly used in edible films have been extensively reviewed elsewhere (Sothornvit and Krochta 2005) , whereas those used in the production of edible films based on fruits and vegetables are summarized in Table 2 . Glycerol (or vegetable glycerin) is noticeably the most used plasticizer for this purpose. Indeed, glycerol-a small polyol with 3 hydroxyl groupshas been pointed out as the best plasticizer for water-soluble polymers (Jangchud and Chinnan 1999) . When compared to sorbitol, glycerol has a higher plasticizing efficiency, while sorbitolplasticized pectin films were denser, more resistant, and less extensible (Park and Zhao 2006) . These traits might result from sorbitol's higher molecular weight and solid characteristics at room temperature, while glycerol is liquid. On the other hand, Shen and others (2015) reported better results for sorbitol than glycerol when plasticizing polyvinyl alcohol (PVOH)-sugar beet pulp edible films, which otherwise were too brittle and cracked on the casting surface. Glycerol-plasticized films were wet and difficult to peel from the casting surface. As a matter of fact, high glycerol contents have been reported to migrate to film surface, exudate, and form sticky films (Wang and others 2011b) . Wang and others (2011b) reported unplasticized carrot pureeadded CMC-, gelatin-, and starch-based films to be brittle and rigid as well as to have holes and cracks, whereas glycerolplasticized films were more flexible. These authors observed reduced tensile strength as well as increased elongation at break and WVP of carrot edible films as glycerol content was increased. McHugh and Senesi (2000) added glycerol to apple films not only for plasticizing purposes but also to reduce film adhesion to the casting surface.
Other food-grade plasticizers may also be used for edible film production, including low-molecular weight sugars (for example, fructose-glucose syrups and honey), other polyols (for instance, glyceryl derivatives and propylene glycols), lipids and derivatives (including phospholipids, fatty acids, lecithin, oils, and waxes), and water (Han and Aristippos 2005; Sothornvit and Krochta 2005) . Corn syrup has been used both as plasticizer and sweetener to acerola films and coatings, which otherwise were too acidic (Azeredo and others 2012a; Azeredo and others 2012b) .
Mono-, di-, and oligosaccharides-present in fruits and vegetables have been demonstrated to act as natural plasticizers (McHugh and others 1996; Veiga-Santos and others 2007; Rouilly and others 2009; Silva and others 2012; Espitia and others 2014) . Edible films based on papaya (Lorevice and others 2014; Otoni and others 2014) , tomato others 2008a, 2009b) , and guava (Lorevice and others 2012) purees featuring good mechanical properties have been produced without the addition of plasticizers other than the purees. Otoni and others (2014) observed that the tensile strength and elastic modulus of pectin films were reduced whereas the elongation at break and WVP were increased upon addition of papaya puree, corroborating that the puree presented a plasticizing effect. Similar observations were made for systems comprising HPMC and guava (Lorevice and others 2012) , papaya (Lorevice and others 2014) , and peach (Otoni and others 2015) purees, cassava starch and mango (Souza and others 2012; Reis and others 2015) , and acerola (Souza and others 2012) purees.
Decreased glass transition temperature (T g ) was observed for mango puree-based films, which was attributed to the plasticizing effect of simple sugars (Azeredo and others 2009 ). Sothornvit and Pitak (2007) pointed out that sucrose from banana puree is capable of plasticizing polymer films. Accordingly, Martelli and others (2013) had to add glycerol to films produced from centrifuged over-ripe banana/water and attributed this to the partial sugar removal by centrifugation.
Fillers
Most biopolymers commonly used as binding agents in edible films based on fruits and vegetables are widely known to exhibit poor mechanical resistance, barrier and thermal properties, especially if compared to conventional polymers. Materials featuring these characteristics have limited commercial applicability for food packaging purposes. A feasible strategy to overcome this technical hurdle is the production of edible composites/nanocomposites by addition of reinforcing fillers.
Polymer nanocomposites are mixtures of polymers with nanoparticles. Polymer nanoreinforcements are nanoparticles added to polymers in order to obtain nanocomposites with enhanced mechanical and other physical properties. A uniform nanoparticle dispersion within a polymer matrix leads to a very large matrix/filler interfacial area, which changes the molecular mobility, the relaxation behavior, and the resulting thermal and tensile properties of the material. Fillers with high aspect ratios are particularly interesting because of their high specific surface area, providing better reinforcement effects. Polysaccharide nanoparticles-especially cellulose nanostructures-have been presented as good renewable and biodegradable nanofillers, due to their partly crystalline structures, providing an extremely high strength as well as good reinforcement effects (Azeredo and others 2017) . Cellulose nanocrystals (CNCs)-or whiskers-can be obtained by acid hydrolysis of cellulosic materials, removing the amorphous regions of cellulose, and leaving the crystalline regions relatively intact (Gardner and others 2008) . Microcrystalline cellulose (MCC) has a similar structure, formed by hydrolyzed cellulose consisting of a large amount of cellulose nanocrystals and amorphous areas (Petersson and Oksman 2006) .
MCC has been added to mango puree-based films (Azeredo and others 2009), resulting in improvement of tensile propertiesespecially elastic modulus-and reduction of WVP of the films. CNCs have been incorporated into films and coatings from acerola puree and alginate (Azeredo and others 2012a; Azeredo and others 2012b), resulting in enhanced tensile and barrier properties of the films (Azeredo and others 2012b), and decreased weight loss, decay incidence, ascorbic acid degradation, and ripening rates of coated acerolas (Azeredo and others 2012a) . Montmorillonite (MMT) nanoclays were also incorporated into alginate-acerola puree coatings, and the effects of MMT and CNC on those coatings were compared (Arezedo and others 2012a). Both nanocomposite coatings presented similar effects on extending acerola shelflife, the MMT-containing coating presenting a brighter red color, which was ascribed to a stabilization effect of MMT on anthocyanins from acerola puree. Different nanoclays (Cloisite Na + , 30B, and 20A) have also been incorporated into apple peelbased edible films for reinforcement purposes (Shin and others 2014) .
Chitosan is a polysaccharide obtained through the deacetylation of chitin that has been used as both matrix (Table 2 ) and fillerchitosan nanoparticles, particularly (Lorevice and others 2016)-in edible films. Banana puree edible films presented a 40% increase in tensile strength as well as decreased WVP when 0.2 wt% of chitosan nanoparticles was incorporated (Martelli and others 2013) . The mechanical and water barrier properties of edible films based on papaya and guava others 2012, 2014) purees were improved by chitosan nanoparticles.
Fruit and vegetable edible films . . .
Functional additives
Edible films based on fruits and vegetables may carry functional compounds intended to provide the packaged product or the packaging material itself with improved characteristics (sensory, nutritional, and/or microbiological, to mention a few), thus playing an active role by interacting with foodstuffs. Antimicrobial compounds have been especially used in edible films based on fruits and vegetables. The incorporation of essential oils and oil compounds produced as secondary metabolites by numerous plant species into active food packaging has been extensively reviewed elsewhere (Valdes and others 2015; Atares and Chiralt 2016; Otoni and others 2016) . These were reported to have both antimicrobial (Atares and Chiralt 2016) and antioxidant effects (Amorati and others 2013) .
Essential oils that have been incorporated into edible films based on fruits and vegetables for antimicrobial purposes include those extracted from allspice others 2009a, 2008a) The natural antimicrobials tested in edible films based on fruits and vegetables are not limited to essential oils and oil compounds. Polyphenols-including tannins, flavonoids, and phenolic acids derivatives-are also plant secondary metabolites with antimicrobial effects (Espitia and others 2014b) . Besides, they are known to scavenge active oxygen in human body as well as to exert several biological functions such antioxidative, anticarcinogenic, antiinflammatory, and antiatherosclerogenic, among others (Du and others 2011) . Polyphenols extracted from various sources, including fruits and vegetables, have been incorporated into antimicrobial edible films and coating (Cagri and others 2004) . Concerning edible films based on fruits and vegetables, specifically, GRAS apple skin polyphenols have been added to edible films made up of açaí others 2014a, 2014b) and apple (Du and others 2011) purees. Also because of its high contents of phenolics, yerba mate extract possesses a strong antioxidant activity, which motivated its addition into mango puree edible films (Reis and others 2015) . Lastly, methyl cinnamate (a major volatile from strawberry) is a GRAS methyl ester of cinnamic acid that has been incorporated into strawberry puree edible films as an antifungal agent (Peretto and others 2014) .
A major concern regarding some functional additives is their strong, unusual flavor/aroma. Although sensory evaluation of edible films and foodstuffs packaged within them is scarce (though highly recommended), many active compounds are known to be widely accepted by consumers. Cinnamon and oregano essential oils, for instance, have sensory compatibility with various food products and edible films, being used even as food flavorings (Rojas-Graü and others 2006; others 2009a, 2012; Zhu and others 2014) . An interesting strategy is to pack fruits and vegetables using edible films based on or incorporated with compounds extracted from the same plant materials, as has been done with apple (McHugh and Senesi 2000) , strawberry (Peretto and others 2014) , and mango (Sothornvit and Rodsamran 2008 , 2010a , 2010b .
Other additives
Fruits and vegetables rich in phenolic components are readily subjected to the action of polyphenol oxidase upon cutting, peeling, and/or pulping (Yoruk and Marshall 2003) . Other browning reactions (Maillard reaction, for example) may also take place if temperature is increased and reducing sugars are present. Browning may be undesirable due to sensory changes and decreased nutritional value (Martins and others 2000; Yoruk and Marshall 2003) , and may be prevented by the addition of browning inhibitors. Ascorbic and citric acids were used to prevent browning in edible films from apple (McHugh and Senesi 2000; Rojas-Graü and others 2006; Du and others 2008b Du and others , 2009a Du and others , 2011 Ravishankar and others 2012) , açaí others 2014a, 2014b) , banana (Martelli and others 2014) , carrot, and hibiscus (Ravishankar and others 2012) . Browning reactions in carrot puree-based edible films were avoided by acetic acid and sodium bicarbonate (Wang and others 2011a) . Sodium chloride is another salt that has been used for the same purpose, in just-sliced bananas (Sothornvit and Pitak 2007) . Finally, Rojas-Graü and others (2007) have added Nacetylcysteine to prevent browning of glycerol-plasticized sodium alginate/apple puree edible films.
Crosslinkers are another class of additives that may be present in fruit-and vegetable-based FFFs. Crosslinking of polymer matrices links adjacent chains together by covalent bonds, usually resulting in stronger and less permeable films (Porta and others 2011) . This crosslinking can be achieved either physically (Benbettaïeb and others 2016) -by submitting the macromolecule to physical treatments that induce formation of a tridimensional network, such as γ (Porta and others 2011) and ultraviolet-B (Otoni and others 2012) radiations-or chemically-by adding food-grade crosslinking agents, such as enzymes, particularly transglutaminase (Porta and others 2011) . Several crosslinking agents are present on fruit and vegetable purees. Approximately ¼ of wine grape pomace weight, for instance, has been assigned to crosslinking agents, including minerals (such as Ca 2+ , Mg 2+ , and Fe 3+ ), proteins as well as organic, amino, and phenolic acids (Deng and Zhao 2011) . These naturally occurring crosslinkers could eliminate the need of additional crosslinkers to produce films from wine grape pomace extract, but their effects on films' physical properties have been hardly explored in the literature. Mariniello and others (2007) used microbial transglutaminase to crosslink fennel-waste films and achieved decreased WVP as well as increased resistance and stiffness. In contrast, McHugh and others (1996) added calcium chloride to peach puree in order to crosslink pectin chains in an effort to reduce the WVP, but the WVP of the resulting film increased instead, which the authors attributed to the increased ionic strength and solubility coefficient of the crosslinked films. Many other compounds-including formaldehyde and glutaraldehydeare able to induce crosslinking of polymer chains, but most of them are nonfood grade and/or toxic so their use in edible films is ruled out.
Film-Forming Procedures Film-forming formulations
The 1st step of a film-forming protocol is the production of a film-forming solution, dispersion or suspension-generically regarded in this text as FFFs. All components must be intimately mixed in order to obtain homogeneous edible films. Proper mixtures of the components have been achieved through low-speed stirring (Du and others 2008a (Du and others , 2008b (Du and others , 2009a (Du and others , 2009b (Du and others , 2011 Deng and 
Degassing of film-forming formulations
Degassing and defoaming of FFFs is an important step of production of polymer films, in order to remove air microbubbles, which, if left suspended, tend to remain entrapped within the dried film, acting as structural defects that cause mechanical failures. Vacuum degassing, used by most authors, varies in intensity and time depending on the viscosity of the formulation, and is more effective when performed under heating. Vacuum degassing times applied to fruit and vegetable FFFs have ranged from 15 min (Du and others 2008a (Du and others , 2008b (Du and others , 2009a (Du and others , 2011 Wang and others 2011a; Wang and others 2011b) to almost 60 min (Peretto and others 2014) . Azeredo and others (2012b) reported 30 mbar and 45 min to effectively remove bubbles from a corn syrup-plasticized sodium alginate-acerola puree solution.
There are a few reports on bubble elimination by simply resting the FFF for 4 h others 2012, 2014; Otoni and others 2014) , but this procedure is only suitable for very lowviscosity formulations. Centrifugation is undoubtedly the most efficient method to degas highly viscous liquids, but it cannot be applied on formulation containing suspended solids. Ultrasonic degassing is another alternative for viscous samples. Reis and others (2015) removed air bubbles from a starch-mango puree dispersion by heating and shaking at 70°C for 10 min followed by ultrasonication.
Casting
To this date, there are no reports of production of edible films based on fruits and vegetables by a process other than casting, mainly because of the thermosensitivity of fruit/vegetable components as well as of the biopolymers themselves. Other film-forming procedures, such as slit-die extrusion, blown-film extrusion, and calendaring, involve high temperatures, which in turn lead to undesirable reactions that include degradation of biopolymers as well as nutritional and sensory losses in fruit/vegetable compounds. Production of edible films based on fruits and vegetables has been reported by both bench casting and continuous casting, the former being more widespread within the scientific community.
Bench casting. Film production by bench casting consists in pouring a FFF on rimmed or plain plates from varying materials. The final film thickness is controlled by the amount of suspension poured on rimmed plates or by using a draw-down bar (for plain plates). The solvent-usually water-is then evaporated, leaving the film-forming macromolecules to rearrange into a cohesive, free-standing layer. Although the basics of bench casting involve solvent removal through evaporation, the drying kinetics of these systems has not been the core subject of investigations to date. Parameters such as wet thickness, temperature, relative humidity (RH) and circulating air speed are critical, but these are not always reported in the literature, making the reproduction of some filmforming procedures difficult. Drying is usually carried out at room temperature or in air circulation ovens at temperatures not higher than 30 to 40°C, for 12 to 48 h. Indeed, the long drying times are the most remarkable disadvantage of this technique, making it impracticable for industrial scale (Moraes and others 2013) . Drying time has been reduced to 6 to 12 h upon temperature increase up to 60°C (Sothornvit and Pitak 2007; Wang and others 2011b) , or even to 2 cycles of 40 min each in a laboratory padder at 60°C others 2013, 2014) . Table 3 presents a compilation of the film-forming systems and parameters used to produce the edible films based on fruits and vegetables reported in the literature.
Continuous casting. Continuous film casting may be carried out on steel belt conveyors or on a coating line. In the 1st one, solutions are uniformly spread on a continuous steel belt that passes through a drying chamber. The dry film is then stripped from the steel belt and wound into mill rolls. One advantage of this technique is the ability to cast aqueous solutions directly onto the belt surface, optimizing uniformity, heat transfer, and drying efficiency, while avoiding expense of a separate substrate (Rossman 2009 ). In a coating line, such as a tape-casting machine, on the other hand, solutions are continuously spread onto a moving substrate-such as polyester or coated paper-with a blade whose height can be adjusted to control film thickness. The coated substrate then passes through a drying chamber. The dry film is wound into rolls while still adhered to the substrate (Rossman 2009; Moraes and others 2013) .
Edible films based on fruits and vegetables have been produced by using a coating line (Mathis Labcoater unit, Werner Mathis AG, Zürich, Switzerland). This concept may be considered a scale-up of the previously described bench casting procedure, the major advantage of the former being the remarkably lower drying times, thanks to the use of an infrared (IR) radiation predrying stage, much higher temperatures, and intense air circulation. Du and others (2008a) produced tomato puree edible films in 12 min by casting a 1.04-mm-thick layer of FFF onto a Mylar R sheet and conveying it at 0.11 m/min through 2 stages: an IR heater on the top of the FFF (4 min) and an oven at 132°C with air circulating perpendicularly to film surface at 1500 m/min (8 min). At the end, the film was cooled to room temperature and wound on a roller. Likewise, the same authors produced apple puree edible films (Du and others 2008b) . Those films were also produced by bench casting at 23 to 25°C, the drying time being extended to about 16 h. Mattoso and others (2015) used a similar procedure to produce glycerol-plasticized edible films based on watermelon, guava, and passion fruit from an initial wet thickness of 0.18 to 0.25 mm at 120°C with a rolling speed of 0.12 m/min, forming film in a few minutes.
Other advantages of continuous casting are that it requires less space and labor and is more suitable for industrial applications (Du and others 2008a) . However, it may affect the physical properties of the resulting films. To exemplify, the retention of carvacrol was lower in continuous-cast apple puree edible films than in their bench-cast counterparts because of the higher temperatures Sothornvit and Pitak (2007) ; 17 Martelli and others (2013) 
Properties of Edible Films Based on Fruits and Vegetables Stability and shelf-life
Edible films based on fruits and vegetables might be considered as dehydrated foods when it comes to legislation and stability criteria. Those films have sufficient nutrients to serve as substrates for microbial growth. Unless they are aseptically packaged within an external packaging material, stability should be maintained mainly by water removal. The peach puree edible films produced in the pioneer study of McHugh and others (1996) presented a water activity of 0.43, which is low enough to avoid microbial growth. The same was not true for the puree itself, which had a water activity of 0.95. Similarly, low water activity values (lower than 0.6) were reported for films from wine grape pomace extract (Deng and Zhao 2011) and from mango puree (Sothornvit and Rodsamran 2008) . Such low water activity values make these films expected to be microbiologically stable as long as they are properly stored under dry conditions. Higher water activity values (0.66 to 0.70) were observed in thermoplastic starch (TPS) films added by mango, acerola, and red mombin purees (Dantas and others 2015) . Sugar crystallization may also lead to unsuitable physical performance of edible films based on fruits and vegetables. This process was not observed in mango puree edible films by Sothornvit and Rodsamran (2008) for up to 3 mo at 30°C. However, no other studies have investigated the shelf-life of edible films based on fruits and vegetables, although this information is essential for the successful commercialization of such products. As Figure 3 -Production of a passion fruit film by continuous casting: film-forming formulation (FFF) manual feeding (A), which would be automated at industrial scale; substrate conveying the FFF through a blade of controlled thickness (B); IR radiation predrying (C); and film leaving the last drying stage and approaching the winding roll (D). This system may be freely adapted to the processing requirements of a specific film-forming procedure.
previously discussed, films are drier than purees, pomaces, extracts and juices, so they are expected to be more stable. This opens up the possibility of increasing stability of fruits and vegetables by means of drying them into films, which in turn might add value to agricultural crops during offseason. This approach is worth further exploitation in future studies.
Mechanical properties
Good mechanical properties are among the basic requirements for edible films to be used as food packaging, since poor flexibility or strength may lead to premature failure or cracking during production, handling, storage or use (Sothornvit and Rodsamran 2008) .
Puncture force is a means of evaluating resistance to perforations. Farias and others (2012) observed that the puncture force of starchadded, glycerol-plasticized acerola edible films ranged from 3.7 to 13.3 N, with lower binding agent contents and higher plasticizer contents leading to decreased puncture forces. Other important properties of films intended for food packaging are sealability and tear resistance. Sothornvit and Pitak (2007) obtained banana films with good sealability, and suggested that these films could be used as sachets or pouches for dry foods. Tulamandi and others (2016) produced papaya puree films added by starch and gelatin or soy protein that presented tear resistances and seal strengths ranging from 0.29 to 0.73 g/μm and 127.3 to 726.0 N/m, respectively. Although penetration resistance, tear resistance, and seal strength are properties of great concern for packaging applications, these have not been widely investigated for edible films based on fruits and vegetables even if standard test methods F1306-16 (ASTM 2016), D1922-15 (ASTM 2015a), and F88 / F88M-15 (ASTM 2015b) have been proposed by the American Society for Testing and Materials.
The most investigated mechanical properties of edible films are those obtained in tensile tests, with emphasis on tensile strength, elastic modulus, and elongation. These attributes support the correlation of the mechanical properties of films to their compositions and chemical structures. The values of these mechanical attributes reported for edible films based on fruits and vegetables are compiled in Table 4 .
The tensile strengths of edible films based on fruits and vegetables vary from values as low as 0.03 up to 30 MPa (Table 4) . Such values are comparable to those of some plastic films used in food packaging, such as low-density PE (LDPE, 8 to 10 MPa), high-density PE (HDPE, 19 to 31 MPa), ethylene-vinyl alcohol copolymer (EVOH, 6 to 19 MPa), PCL (4 MPa), but much smaller than those of polystyrene (PS, 31 to 49 MPa), poly(lactic acid) (PLA, 45 MPa), PVC (42 to 55 MPa), PP (27 to 98 MPa), and poly(ethylene terephthalate) (PET, 157 to 177 MPa). Likewise, the elastic modulus of edible films based on fruits and vegetables varies from 0.003 MPa to 1.0 GPa (Table 4) , comparable to those of LDPE (150 to 340 MPa), PCL (386 MPa), and poly(vinylidene chloride) (PVDC, 200 to 600 MPa), but much smaller than PVC (2.8 GPa), PS (2.7 to 3.5 GPa), and PET (3.5 GPa). The elongation at break was reported to range from 1.8% to 217% (Table 4) , being comparable to PS (2% to 3%), PVDC (10% to 40%), HDPE (20% to 50%), PET (70%), and PVC (20% to 180%), but smaller than PP (200% to 1000%), LDPE (300% to 900%), and PCL (800% to 1000%; Gross and Kalra 2002; Bastarrachea and others 2011).
The mechanical properties of edible films strongly depend on their composition. Overall, vegetable films are expected to be stronger and less extensible than fruit films because of their higher ratios of dietary fibers to total sugars (McHugh and Olsen 2004) . As discussed further in this review, there are applications of edible films based on fruits and vegetables in which their mechanical resistances and extensibilities are extremely important, but for some others these properties are not required. The mechanical properties of edible films based on fruits and vegetables can be adjusted as needed by addition of binding agents, fillers, crosslinkers and/or plasticizers. Higher fruit and vegetable contents are expected to lead to lower mechanical strength and stiffness as well as greater extensibility because of the plasticizing effects of short-chain sugars ( Fruit and vegetable edible films . . . Martelli and others (2015) ; 14 Sothornvit and Pitak (2007) ; 15 Martelli and others (2013) ; 16 Martelli and others (2014) 2014, 2015; Reis and others 2015), although, the opposite behavior has been reported (Souza and others 2012; Martelli and others 2013) . The latter outcome has been attributed to the presence of starch, cellulose derivatives, pectin, and other fibers. In the study carried out by Martelli and others (2013) , specifically, banana puree showed a reinforcing effect, but its sugars had been partially removed by centrifugation. The additions of binding agents, fillers, and crosslinkers are also expected to reinforce edible films based on fruits and vegetables, whereas the opposite behavior has been observed for plant essential oils (Rojas-Graü and others 2006; Du and others 2009a; Espitia and others 2014a).
Barrier properties
Barrier to moisture. The biomacromolecules either naturally present in fruits and vegetables or added as binding agents usually have high polarity, hydrophilicity, and water holding capacity (Deng and Zhao 2011; Azeredo and others 2012a) . These characteristics prevent such films from being good barriers to moisture, which is extremely important for food preservation (Shin and others 2014) . The water barrier properties of edible films are commonly evaluated through gravimetric methods, in which the film acts as a semipermeable barrier between an environment of high RH and another of low RH, being water diffusion monitored Martelli and others (2015) ; 16 Martelli and others (2013) Deng and Zhao (2011). gravimetrically. Although water vapor transmission rate, water vapor permeation and WVP values can be obtained, the latter is by far the most studied and reported parameter. WVP is affected by the mobility and free volume of the macromolecules as well as the integrity and hydrophilic-hydrophobic and crystalline-amorphous ratios of the films. Table 5 summarizes WVP of different edible films based on fruits and vegetables. As shown in Table 5 , the WVP of fruit and vegetable puree edible films ranged from 0.10 to 13.57 g mm/m 2 /h/kPa. As expected, these values are much higher than the typical WVP of synthetic polymers films, including HDPE, LDPE, and EVOH (0.00083, 0.003, and 0.010 g mm/m 2 /h/kPa, respectively-measured at 38°C and with a 90% to 0% RH gradient (McHugh and others 1996) . Because the RH gradients between the 2 sides of films are the driving force for water vapor permeation, proper comparisons are allowed when different samples are exposed to the same RH conditions (Du and others 2009a; Otoni and others 2014) . Nonetheless, this parameter has not always been considered (Table 5 ). We thus emphasize that every WVP comparison should take the RH gradients into account. (1996) T, temperature; RH, relative humidity; HM, high-methoxyl; LM, low-methoxyl; ND, not disclosed; CMC, carboxymethylcellulose.
Strategies to improve the water barrier properties of edible films based on fruits and vegetables include the formulation of nanocomposites (Azeredo and others 2012b) . The WVP of mango puree edible films was reduced from 2.66 to 1.67 g mm/m 2 /h/kPa when 36% (wt.) of cellulose nanofiber (CNF) were added (Azeredo and others 2009). Similarly, the WVP of acerola puree edible films was decreased from 1.07 to 0.73 or 0.68 g mm/m 2 /h/kPa upon the addition of 10% (wt.) of CNC or MMT nanoclay (Azeredo and others 2012a). The addition of chitosan nanoparticles reduced the WVP of guava puree edible films from 2.09 to 1.58 g mm/m 2 /h/kPa (Lorevice and others 2012) as well as that of banana puree edible films from 3.03 to 1.90 g mm/m 2 /h/kPa (Martelli and others 2013). These outcomes have been attributed to the increased tortuosity of the diffusive pathway, making water vapor diffusion slower (Azeredo and others 2009; Azeredo and others 2012a). Apple skin polyphenols were assumed to form hydrogen and covalent bonds with pectin and/or apple puree polar groups, resulting in less hydrophilic materials that, consequently, were less permeable to water vapor (Du and others 2011) .
The aforementioned strategies involve the addition of hydrophilic fillers, but the incorporation of hydrophobic additives, lipids, for instance, as an approach for obtaining improved water barrier properties has been suggested by McHugh and others (1996) , and corroborated in later investigations on the addition of vegetable oils, fatty acids, and beeswax into apple puree edible films (McHugh and Senesi 2000) ; oregano, lemongrass, and cinnamon essential oils into apple puree edible films (Rojas-Graü and others 2006); oregano essential oil, carvacrol, and cinnamaldehyde into carrot puree edible films (Wang and others 2011a); cinnamaldehyde nanoemulsions into papaya puree edible films (Otoni and others 2014); carvacrol and methyl cinnamate into strawberry puree edible films (Peretto and others 2014) . Carvacrol improved water barrier of bench-cast edible films from apple (Du and others 2008b) and tomato (Du and others 2008a) purees, but the same behavior was not observed in its continuous-cast counterparts, probably because of the increased carvacrol evaporation resulting from higher drying temperatures.
Barrier to oxygen. It is highly desirable that food exposure to oxygen is limited since it can lead to oxidation as well as sensory (odor, color, flavor, and texture) changes and nutritional losses (Sothornvit and Pitak 2007) . Because hydrocolloids (both those present in fruits and vegetables and those added to the FFFs as binding agents) are usually mostly polar in nature, the resulting films are expected to be good barriers to nonpolar gasses, including oxygen (Wang and others 2011b (McHugh and others 1996) . The O 2 P of peach puree edible films were reduced from 69.6 to 0.35 cm 3 μm/m 2 /d/kPa when the environment RH was changed from 58% to 38% (McHugh and others 1996) , due to the plasticizing effects of water. Essential oils and oil compounds have also been reported to enhance the oxygen barrier of edible films based on fruits and vegetables, such as apple puree films added by carvacrol (Du and others 2008b) , citral, and lemongrass essential oil (Rojas-Graü and others 2007). The opposite behavior has also been reported, though (RojasGraü and others 2007; Wang and others 2011a). Regardless of the incorporation of active compounds, edible films based on fruits and vegetables were shown to be good barriers to oxygen, being promising not only in extending stability of foods highly susceptible to oxidation (McHugh and others 1996) , but also in retarding respiration rates of fruits and vegetables (McHugh and Senesi 2000) .
Thermal properties
Polymer chain mobility determines the physical characteristics of the final film, which may behave as a hard, brittle or a tough, rubbery plastic or even as a viscous fluid instead. Chain mobility is due to movement of atoms, and is expected to be increased with temperature (Lorevice and others 2012) . Therefore, the thermal characteristics of edible films based on fruits and vegetables are of utmost importance, especially of those intended for packaging applications.
The T g of mango puree films, as indicated by differential scanning calorimetry, varied from -10.63 to -5.88°C as a result of the addition of increasing CNF contents (Azeredo and others 2009) . These low T g values have been ascribed to the plasticizing effect of short-chain sugars present in mango puree. Slightly lower T g values, about -17°C, were reported for films from mango and acerola purees added by starch (Souza and others 2012) , and even lower T g values, approximately -44°C, were found for pectin-added banana puree films (Martelli and others 2013) . While those low T g values may be undesirable from the chemical stability standpoint (since high chain mobility is expected to lead to high reactivity), they provide films with good flexibility even under refrigeration (eventually even at freezing temperatures, depending on how low is the T g of the film), which is interesting for food packaging applications (Azeredo and others 2009) . Remarkably different T g values have been observed for edible films based on guava (189°C) and papaya (232°C) purees added by HPMC others 2012, 2014) .
Edible films based on fruits and vegetables may be produced in industrial scale in order to decrease processing time, increase yield, and reduce production cost, but temperatures lower that their degradation temperatures should be used. Thermogravimetry has shown that pectin-added banana puree edible films degrade in 3 main stages within a nitrogen atmosphere (Martelli and others 2013) . The 1st stage, occurring at temperatures lower than 100°C, was attributed to the desorption of moisture physically adsorbed in the film. The onset of the 2nd mass loss stage was at approximately 130°C, where short-chain sugars (fructose, sucrose, and glucose), starch and proteins began to degrade irreversibly. The 3rd stage occurred between 230 and 400°C and was assigned to the thermal deterioration of more complex compounds such as lignin, hemicelluloses, and cellulose. For those films, processing at temperatures above 130°C is not recommended (Martelli and others 2013) .
Pectin-and thyme essential oil-added açaí puree edible films showed an additional mass loss stage in an inert atmosphere others 2014a, 2014b) . Similar to banana films, a 1st stage (50 to 100°C) was assigned to water evaporation and thyme essential oil volatilization. Then, pectin began to degrade at 150°C with a maximum rate at 226°C. The onsets of the subsequent mass loss stages were 300°C (decomposition of glycerol) and 400°C (decomposition of the lignocellulosic fibers from apple skin and açaí). Compared to the previously presented values, films made up of guava puree added by HPMC under a synthetic air atmosphere presented a wider processability window because the degradation temperature was around 190°C (Lorevice and others 2012) .
Although the scaled-up production of edible films based on fruits and vegetables by continuous casting involves heating, the thermal behavior of such materials has not been considered in most studies. A comprehensive characterization of the thermal properties of edible films based on fruits and vegetables is highly recommended in future investigations in order to determine their processability window as well as to evaluate the feasibility of using them in real industrial operations.
Nutritional properties
Among the exclusive characteristics of edible films based on fruits and vegetables, their nutritional and health-promoting functional properties should be focused. Just 1 g of starch-added acerola films presented up to 3761.84 mg of vitamin C and up to about 5000 mg of β-carotene, representing 3.8 times and 56 times the recommended daily intakes for those nutrients (Farias and others 2012) . Acerola edible films were then shown to be an additional source of vitamin C and β-carotene (Farias and others 2012) . Dantas and others (2015) monitored the total phenolic content (TPC) in films mango, acerola, and red monbin purees throughout a 40-d storage of palm oil. The edible films allowed the gradual migration of phenolics to palm oil, which was corroborated by a 50% decrease in the peroxide index of the packaged product in comparison to control starch films. The release of phenolics from grape pomace-based films added with low-methoxyl pectin, alginate, and Ticafilm R to deionized water were shown to be 96.6%, 93.8%, and 80.5%, respectively (Deng and Zhao 2011) , indicating that the interaction between active compounds and film-forming biomacromolecules play a significant role on their release kinetics. The contents of phenolics (TPC; 43.41 to 178.53 mg/g), flavonoid (TFC; 23.24 to 62.54 mg/g), and carotenoids (TCC; 21.15 to 48.10 μg/g) were found to be proportional to the concentrations of mango puree and yerba mate extract in the FFF (Reis and others 2015) . These films were used to pack palm oil for 90 d, during which time the TCC of palm oil decreased while the peroxide index increased, suggesting oxidation. The oxidation levels were found to be lower for films comprising higher fruit and vegetable loads, yerba mate extract particularly.
Films based on mango and acerola purees also showed concentration-dependent TPC (89.17 to 168.80 mg/g), TCC (31.15 to 70.56 μg/g), vitamin C content (65.4 to approximately 600 μg/g), and radical-scavenging activity, as indicated by the lower peroxide index and contents of hexanal and conjugated dienes (oxidation products) observed for soybean oil packaged in films comprising higher puree ratios (Souza and others 2011) . A remarkable antioxidant activity has also been presented by films from grape pomace extract due to its TFC (Hayashi and others 2006) , but spinach extract did not show the same activity, probably because of its chlorophyll content, which may have acted as a pro-oxidant.
Because the nutritional and functional properties of naturally occurring compounds in edible films based on fruits and vegetables stand out as unique characteristics distinguishing them from conventional polymer films, these properties are worth of deeper investigation in future studies.
Antimicrobial properties
As previously discussed, edible films based on fruits and vegetables can act as carriers of active compounds, including antimicrobials, which may either be immobilized into the film matrix and play their role upon contact with food surface or be slowly released into foodstuffs. Comparing the antimicrobial activity of the FFF to that of the dried film is a useful tool for evaluating the effect of the drying procedure on the antimicrobial performance of the resulting material.
Rojas-Graü and others (2006) determined the bactericidal efficiency against Escherichia coli O157:H7 of apple puree-based FFFs incorporated with oregano (0.1% wt.), lemongrass (0.5% wt.) or cinnamon (0.5% wt.) essential oils and reported BA 50 values (that is, the percentage of antimicrobial compound that killed 50% of the tested bacteria under the tested conditions) of 0.034, >0.34, and 0.28, respectively, after incubation for 3 min at 21°C. Those values were reduced to 0.024, 0.12, and 0.078 in the following 27 min, indicating that oregano essential oil showed the highest bactericidal activity even at the lowest concentration, and that 30 min were required for cinnamon essential oil to be effective.
The dried films were also tested against E. coli O157:H7 and, likewise, oregano essential oil showed the best outcome as indicated by the largest inhibition zone around a film disk (Rojas-Graü and others 2006). In another study, Rojas-Graü and others (2007) incorporated apple puree edible films with the same essential oils or with their major antimicrobial compounds, namely, carvacrol, citral, and cinnamaldehyde, respectively. As expected, the inhibition zones of E. coli O157:H7 created around films incorporated with the antimicrobial compounds were greater than those around films added with the original essential oils, carvacrol having the most pronounced antimicrobial effect. In contrast, the inhibition zones of Staphylococcus aureus and E. coli were larger for carrot puree edible films with cinnamaldehyde than those added with carvacrol (Wang and others 2011a) . Carvacrol was also added to apple and tomato puree edible films, which were effective in inhibiting the growth of E. coli O157:H7, with increasing carvacrol contents resulting in greater antimicrobial efficiencies others 2008b, 2009b) .
Apple puree edible films added by apple skin polyphenols were demonstrated by Du and others (2011) to be highly effective against Listeria monocytogenes, the minimum inhibitory concentration being 1.5%, while the films inhibited neither E. coli O157:H7 nor Salmonella enterica. Açaí edible films incorporated with apple skin polyphenols and thyme essential oil were effective in inhibiting the growth of L. monocytogenes, the antilisterial activity of the latter being greater than that of the former (Espitia and others 2014b).
Otoni and others (2014) incorporated papaya puree films with cinnamaldehyde nanoemulsions of different droplet sizes. While all films were able to inhibit E. coli, S. enterica, L. monocytogenes and S. aureus, greater antimicrobial efficiencies were obtained for nanoemulsions of smaller droplets, allowing one to boost the antibacterial activity of edible films based on fruits and vegetables containing low preservative contents by simply breaking up their 2nd phases.
The antimicrobial efficiency of edible films may be evaluated by different methodologies, including the overlay test/direct contact with the growth medium (laboratory media or real foods) and the vapor phase method, the latter being suitable to volatile compounds as well as applications in which there is little or no contact between food and packaging (Du and others 2009a) . Apple puree edible films have been incorporated with different concentrations (0.5% to 3.0% wt.) of cinnamon, allspice, and clove bud essential oils, and had their antimicrobial activities against E. coli O157:H7, S. enterica, and L. monocytogenes evaluated by both overlay and vapor phase tests (Du and others 2009a) . Regardless of the test method, none of the essential oils was able to inhibit microbial growth at 0.5%, whereas all of them did so at 3.0%. As for the intermediate concentrations, remarkable differences were observed between the 2 methods, indicating that the vapor phases of such essential oils lead to greater inhibitory effects. Similar dose-and phase-dependent outcome has been obtained for tomato puree films incorporated with 0.5 to 3.0% (wt.) of oregano, allspice, and garlic essential oils (Du and others 2009b) .
Antimicrobial edible films based on fruits and vegetables have also been tested in real food. Apple, carrot, and hibiscus films incorporated with carvacrol and cinnamaldehyde were found to effectively control the growth of L. monocytogenes for 7 d in sliced ham and bologna, with carvacrol and apple puree showing the best antilisterial activity (Ravishankar and others 2012) . Apple, carrot, and hibiscus films added by carvacrol and cinnamaldehyde also protected lettuces and spinaches from Salmonella Newport development during a week (Zhu and others 2014) .
Potential Applications
Although edible films based on fruits and vegetables feature the unique characteristics previously discussed in this text, they may be used simply as a passive layer, that is, with no active role, but with the advantage of partially replacing the nonrenewable materials traditionally used for this purpose, reducing the concern with disposal when compared to nonbiodegradable materials as well as improving recyclability as a result of the decreased requirements for coating, coextrusion, and lamination (McHugh and others 1996; Farias and others 2012) .
Because of their high polarity, most edible films are good barriers to gasses but poor barrier to moisture (Azeredo and others 2012a) . As a result, these semipermeable barriers may create modified atmosphere packaging systems when applied to fruits and vegetables, whose respiratory gasses (oxygen and carbon dioxide) can be exchanged in a controlled fashion and lead to slower metabolism and ethylene production (Sothornvit and Rodsamran 2010b) .
Active packaging is among the most promising applications of edible films based on fruits and vegetables. This approach is of interest because the direct addition of antimicrobial compounds or other additives into food formulations requires much higher additive contents, which in turn may lead to undesirable sensory changes (Espitia and others 2014b) . Active films represent a promising way to slowly release functional additives to food surface, which may act as additional hurdles against food spoilage. The possibility of acting as carriers for a wide range of food additivesincluding vitamins, antioxidants, minerals, colorants, aromas, and antimicrobial compounds-makes this class of edible films promising as active packaging. Edible films based on fruits and vegetables added with active components have been shown to play antioxidant and/or antimicrobial roles, thus extending the shelf-lives of organic leafy greens (Zhu and others 2014) , soybean oil (Hayashi and others 2006) , palm oil (Souza and others 2011; Dantas and others 2015; Reis and others 2015) , chicken breasts (Ravishankar and others 2009), strawberry (Peretto and others 2014) , ham and bologna (Ravishankar and others 2012) , besides successfully maintaining the quality of sugar (Sothornvit and Pitak 2007) , mango (Sothornvit and Rodsarman 2008) , and apple (McHugh and Senesi 2000) throughout storage. Nevertheless, the active properties of these materials deserve further exploitation.
Ultimately, fruits and vegetables can be used to produce wraps, innovatively commercialized in the USA applying ARS patents others 2006, 2012) and their technical support, and leathers or pestils. Fruit and vegetable leathers are cohesive layers obtained by water removal from wet fruit or vegetable purees. They are expected to be thicker edible films with a leathery, chewy consistency. Similar to films, fruit and vegetable leathers are much more stable to deterioration than the plant materials from which they are derived due to their reduced moisture content and water activity. Leathers obtained from apple (Valenzuela and Aguilera 2015) , grape juice (Kaya and Maskan 2003) , kiwi (Concha-Meyer and others 2016), papaya (Addai and others 2016) , pear (Huang and Hsieh 2005) , and strawberry (Concha-Meyer and others 2016) are among the fruit and vegetable leathers reported in the literature.
The previously discussed potential applications of edible films based on fruits and vegetables, as well as their basic components and remarkable characteristics, are illustrated in Figure 4 .
Concluding Remarks and Future Perspectives
As pointed out previously, some properties of edible films, particularly those obtained from fruit and vegetable purees, still need some improvement, such as tensile and barrier properties, and water resistance. Overall, edible films based on fruits and vegetables are soluble in water to high extents ( Figure 5 ).
This high water solubility may be desirable for some applications, such as when the films are supposed to be consumed as snacks or to be melted/dissolved upon cooking or contact with hot food components. When this is the case, water solubility avoids sensory changes (Farias and others 2012) . On the other hand, a poor water resistance may be a problem when the film is supposed to act as a barrier for food protection, but water-soluble films are still suitable for fatty foods (Liu and others 2017) .
Concerning mechanical and barrier properties, several approaches may be useful in order to enhance those properties, such as chemical modifications, incorporation of nanoreinforcements, or crosslinking. However, any modification or incorporation to the materials must be considered in order to preserve the edibility, making toxicity tests essential for the continuous development of edible films based on fruits and vegetables with suitable physical properties. In case the required physical properties are not met even after these modifications, edible films are still suitable as snacks (Azeredo and others 2012b) .
Another obstacle to the worldwide use of biodegradable and edible packaging materials is their relatively high cost, thus actual applications are still limited to special niches like those with environmental considerations (Guilbert and Gontard 2005) . In this context, the presence of fruit and vegetable purees in edible films and coatings make them more attractive to consumers due to the additional sensory and nutritional appeal imparted by the purees. Films and coatings containing those purees are not merely barriers to the food, but have their own market appeal. Additionally, the use of inexpensive, underutilized food processing by-products is a promising strategy for producing cheaper films that still present the sensory and physicochemical characteristics that distinguish them from films made up of conventional polymers.
Finally, edible films based on fruits and vegetables with novel health-promoting functionalities may also be developed, such as probiotic or prebiotic films, increasing their market appeal as healthy food components with desirable sensory properties (Espitia and others 2016) . In a world increasingly focused on health aspects, those kinds of applications are expected to be continuously exploited.
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